r Incomplete development of the neural circuits that control breathing contributes to respiratory disorders in pre-term infants. Manifestations include respiratory instability, prolonged apnoeas and poor ventilatory responses to stimuli.
Introduction
Preterm birth is commonly associated with frequent apnoeas as a result of immaturity of the neural network that generates and regulates breathing. The recurrence of O 2 desaturations and bradycardias that follow apnoeas is a major concern for clinicians because these events can have deleterious consequences on neurodevelopmental outcomes (Southall et al. 1982; Di Fiore et al. 2013) . In the short term, exposing newborn rats to repeated hypoxaemias augments the O 2 sensitivity of peripheral chemoreceptors (Pawar et al. 2008) ; the excessive hyperventilatory response resulting from this effect further promotes respiratory instabilities and apnoeas. Brainstem immaturity also precludes the co-ordination of breathing with swallowing. As a result, the presence of liquids near the larynx triggers a powerful respiratory inhibition that aims to prevent the aspiration of foreign substances in the airways (Praud, 2010) . This reflexive response (termed the laryngeal chemoreflex; LCR) results in prolonged apnoeas with significant O 2 desaturations and bradycardias that can be life threatening.
The administration of ventilatory stimulants such as caffeine has been the mainstay of pharmacological treatment for apnoea of prematurity (Abu-Shaweesh & Martin, 2008) . Caffeine treatment is generally effective and long-term effects may be positive (Finer et al. 2006; Montandon et al. 2006; Schmidt et al. 2007) ; however, it is estimated that 50% of infants do not respond to this treatment (Bairam et al. 1987; Poets et al. 1994) and there is no evidence that caffeine facilitates respiratory control development.
Over recent decades, a growing number of studies have documented the health benefits of polyunsaturated fatty acids of the omega-3 family (n-3 PUFA) (Siriwardhana et al. 2012; Vanden Heuvel, 2012; Zhang et al. 2014; McNamara et al. 2015; Schipper et al. 2016) . α-linolenic acid, the main n-3 PUFA, is an essential nutrient, whereas docosahexaenoic acid (DHA; a key n-3 PUFA metabolite) is an important constituent of cell membranes; DHA is thus highly concentrated in several tissues, including the brain, muscles and adipose tissue (Kuipers et al. 2012) . Because it is necessary to support rapidly growing tissues, DHA is insufficient during the neonatal period, especially in preterm infants (Zhang et al. 2014) . Consequently, DHA deficiency during early life has been linked with neurological disorders such as attention deficit/hyperactivity disorder, mood and psychotic disorders (McNamara et al. 2015) .
These observations indicate that DHA supplementation probably benefits growth and development in preterm infants.
With regard to the respiratory system, DHA benefits lung development of preterms by attenuating inflammation, thereby reducing the risk of bronchopulmonary dysplasia (Zhang et al. 2014; McNamara et al. 2015) . However, the information concerning the brainstem respiratory network remains indirect. It is known that DHA may facilitate myelin sheath formation and is present in growth cone membranes and synapses where it promotes synapse formation and the stability of dendritic spines (McNamara et al. 2015) . Microglia, which are mainly known as 'scavengers of the CNS' , actively contribute to these developmental processes by eliminating excessive/inactive synapses (Paolicelli et al. 2011) . DHA can stimulate phagocytosis by microglia (Hjorth et al. 2013) , suggesting that these cells are important effectors of these beneficial effects of n-3 PUFA on brain development. Taken together, these data led us to propose that n-3 PUFA supplementation (via the maternal diet) improves respiratory function in rat pups. Rats are a highly relevant model for addressing this issue because the CNS of the rat is immature at birth (Mortola, 2001 ) with an overall degree of functionality (including brainstem respiratory network) comparable to a preterm infant (born at ß28 weeks) (Clancy et al. 2001) . Our main hypothesis was tested with diverse and complementary approaches: whole body plethysmography was used to measure breathing in intact, unanaesthetized pups. Measurements were performed at rest to assess the occurrence of apnoeas; this was followed by exposure to moderate hypoxia (FIO 2 = 0.12 for 20 min) to evaluate the ventilatory and metabolic responses. In a distinct series of experiments, the LCR was measured in anaesthetized pups to evaluate the impact of n-3 PUFA supplementation on reflexive cardiorespiratory responses without the confounding effects of metabolic depression. The effect of n-3 PUFA treatment on lung morphology was assessed also. Finally, because microglia 'shape' synaptic connectivity in the developing brain and n-3 PUFA can influence the phagocytic activity of these cells, immunohistochemistry was used to determine whether n-3 PUFA supplementation affects the number and morphology of microglia present within the caudal region of the nucleus of solitary tractus (cNTS), the primary projection site for chemoreceptors associated with the hypoxic ventilatory response and LCR (Jordan, 2001) . Because newborn males are more prone to develop respiratory control disorders than females (Mage & Donner, 2006) , the sex of pups was considered aiming to evaluate potential sex-based differences in the responses.
Methods

Animals and ethical approval
Experiments were performed on 136 Sprague-Dawley rat pups of both sexes aged between 10 and 11 days old; all animals used in the present study were born and raised in our animal care facilities. This age group was chosen because respiratory control has developed but is still immature (Mayer et al. 2014) . Furthermore, preliminary experiments showed that this is the youngest age at which the laryngeal chemoreflex (LCR; series II) can be reliably studied under anaesthesia. The study consists of four distinct series of experiments; the details concerning the number of animals in each group appear in brackets when appropriate, as well as in Table 2 .
All animals were maintained under standard laboratory conditions (12:12 h dark-light cycle, lights on 06.00 h; 21°C,); the access to food and water was ad libitum during gestation and during the experimental treatment. Once the protocols were completed, animals were killed using an anaesthetic overdose in accordance with procedures approved by the Université Laval Animal Care Committee for this species and age group. The Université Laval Animal Care Committee approved all of the experimental procedures and protocols, which were performed in accordance with the guidelines of the Canadian Council on Animal Care. This study conforms with guidelines of The Journal of Physiology (Grundy, 2015) .
Mating and n-3 PUFA supplementation protocol
Male and female genitors were purchased (Charles River Canada, St Constant, QC, Canada). Nulliparous females were mated and delivered 10-15 pups. Two days after delivery, litters were culled to 12 pups with an approximately equal number of males and females when necessary. Gestating dams were randomly assigned to one of two diets: control or n-3 PUFA supplemented (Harlan Teklad, Indianapolis, USA) (for diet composition, see Table 1 ). We choose this n-3 PUFA supplementation dose because it was similar to those given for human study supplementation (Escamilla-Nuñez et al. 2014) . Furthermore, the enriched diet was designed to obtain an omega-3/omega-6 ratio near 1 (Table 1) , which is commonly recommended (Simopoulos, 1999) . The diet was given to the dams from birth until the day of experiments (P10-11). Although n-3 PUFA supplementation during gestation can be beneficial to fetal development, we opted to begin supplementation after birth; pre-term births often being unpredictable, this protocol is better aligned with clinical reality. Note that, for each experimental group, rat pups originated from at least two different litters to ensure that treatment-related differences were not the result of a litter-specific effect.
Fatty acid analysis by gas chromatography
The effectiveness of n-3 PUFA supplementation protocol was determined by comparing the fatty acid composition of the blood and brainstem homogenates between both experimental groups. Terminal blood samples were collected from anaesthetized pups by cardiac puncture with a heparinized syringe in a microcuvette 500K3 EDTA tube at the end of ventilatory measurements (Series I). The brainstem was also harvested, placed on dry ice and stored at −80°C until the analysis by gas chromatography analysis service of our research centre was performed in accordance with standard protocols (Counil et al. 2009 ). Briefly, membranes of lysed erythrocytes were isolated by centrifugation (21 000 g for 15 min) and washed twice with 0.9% NaCl solution. Cell membranes were re-suspended in 200 μl of the NaCl solution. Brainstems were homogenized using a glass potter using ß25 mg of tissue. Lipids from these various samples were extracted along with a C-17 phosphatidylcholine (Avanti Polar Lipids, Alabaster, AL, USA) as an internal standard in a chloroform:methanol:saline solution 0.9% (2:1:1, by volume) in accordance with a modified Folch method (Shaikh & Downar, 1981) . Fatty acids were methylated following a transesterification reaction using a mix of methanol:benzene (4:1) and acetyl chloride at 95°C for 1.5 h. Methylated fatty acids were finally analysed by gas chromatography coupled with a flame ionization detector.
J Physiol 595.5 These experiments were performed on intact, unrestrained and unanaesthetized rat pups (23 males and 23 females) using whole body plethysmography (Gulemetova & Kinkead, 2011) . Briefly, the system consists of a 400 ml Plexiglas experimental chamber in which pressure differences between the experimental and reference chambers are measured with a differential pressure transducer (SenSym; Honeywell, Morris Plains, NJ, USA) with a fast response time (500 ms). After amplification, the flow signal was integrated by data analysis software (IOX; Emka Technologies, Falls Church, VA, USA) to obtain a tidal volume value. The system was calibrated by injecting a known volume of air (1 ml) into the chamber with a glass syringe at a rate corresponding to the air flow range typically generated by the rat. Fresh air (baseline) or a hypoxic gas mixture (12% O 2 ) was delivered into the experimental chamber at a constant rate (280-300 ml min −1 ) with a bias flow regulator (PLY1020; Buxco Electronics, Sharon, CT, USA). Barometric pressure, chamber temperature (T C°) , humidity and the rectal temperature of the animals (T b°) were also measured at the beginning and end of each experiment (Table 2) to correct the tidal volume values according to standard equations (Drorbaugh & Fenn, 1955) . Calculation of oxygen consumption (V O 2 ) was obtained as described previously (Mortola & Dotta, 1992) . Chamber temperature was regulated at 30°C using a servo controlled heating lamp (model TCAT-2AC; Physitemp, Clifton, NJ, USA) to maintain rat pups within their thermoneutral zone (Schaeffer, 1998; Mortola, 2001; Malik & Fewell, 2003) .
Protocols and data analysis
Normoxia. Each pup was first placed into the plethysmography chamber for ß10 min prior to measuring rectal temperature with a small stainless steel thermocouple probe of appropriate size. The pup was then returned to chamber where it was allowed to acclimatize for ß30 min. Baseline ventilatory andV O 2 measurements were made under normoxic conditions for 15 min when the animal was quiet and the breathing signal was stable. Breathing frequency (f R ), tidal volume (VT) and minute ventilation (V E ) were recorded. Baseline values of each ventilatory variable were obtained by averaging the last 10 min that preceded hypoxia.
The apnoea index was calculated under baseline conditions as we have done previously (Montandon et al. 2006) . Briefly, based on established criteria (Mendelson et al. 1988) , the apnoea index was determined by counting the number of apnoeas over 10 min of baseline recording. These results were then expressed as the number of apnoeic events per 10 min period. An apnoea was defined as an interruption of airflow for at least two breathing cycles. This criteria was based on the duration of an 'average breathing cycle' specific to each pup and was not based on population data; the data reported in Fig. 3 provide more detail regarding the mean duration of apnoeas in each group. The apnoeic index is the sum of two types of apnoeic pauses: spontaneous and post-sigh apnoeas. A spontaneous apnoea was characterized by an interruption of flow that was not preceded by any significant change in tidal volume, whereas a post-sigh apnoea was preceded by a breath with an amplitude twice the resting tidal volume.
Hypoxic ventilatory response (HVR).
Following baseline measurements (normoxia), pups were exposed to moderate hypoxia (12% O 2 ) for 20 min. This level of hypoxia was reached within 2 min. The use of a pre-mixed gas cylinder ensured consistency of the hypoxia protocol between experiments. The rapid increase in breathing frequency observed at the onset of hypoxia reflects the sensitivity of the carotid body to O 2 (Powell et al. 1998) . Accordingly, we evaluated the time course of the frequency response to hypoxia; the peak change in breathing frequency measured between the 3rd and the 4th minute of hypoxia was expressed as a percentage change from baseline and used as an index of O 2 chemoreflex sensitivity, which is referred to as the 'gain index' . The 'steady state' (or late phase) of the HVR was obtained by averaging the last 5 min of hypoxia. This value was expressed as percentage change from baseline also.
Series II -Effects of n-3 PUFA supplementation on laryngeal chemoreflex stimulation in anaesthetized rat pups
To evaluate respiratory reflexes without the confounding effect of hypoxia-induced metabolic depression, we measured the LCR, a set of cardiorespiratory responses induced by the presence of liquid in the upper airways based on a protocol developed previously (Xia et al. 2008) . Briefly, each pup was anaesthetized with urethane (1 mg kg −1 ) and chloralose (20 mg kg −1 ) by I.P. injection. Once a surgical level of anaesthesia was reached (̴ 20 min), the animal was placed in the supine position and a small thermistor probe was inserted into the rectum to record body temperature, which was controlled at 35°C with a homeothermic blanket (Harvard Appratus; St-Laurent, QC, Canada). O 2 saturation (SpO 2 ) and heart rate were measured via pulse oximetry (Mouse Ox, Starr Life Sciences; Oakmont, PA, USA) by placing a sensor onto the thigh of the pup. Hooked silver wires (diameter of 0.25 mm; Precision Instrument Inc., Sarasota, FL, USA) were introduced into the intercostal muscles in the lowest part of the rib cage to record an electromyogram (EMG) as an index of respiratory activity. A grounding wire was inserted S.C. into the skin over the abdomen. The EMG signal was amplified, filtered (model 1800; A-M Systems, Carlsborg, WA, USA) and recorded with a data acquisition system (Windaq, DataQ Instrument, Akron, OH, USA). A midline skin incision was then made in the neck and the cervical trachea was freed from adjacent tissues. The recurrent and superior laryngeal nerves were identified and avoided. The trachea was cut partially with a transverse incision so that the lumen was visible. A polyethylene tubing (PE 50; Clay Adams, Parsippany, NJ, USA) was inserted slowly into the rostral part of the trachea and pushed gently towards the larynx; the tip of the catheter was positioned at the level of the cricoid cartilage. The pup's head was then tilted backward slightly to facilitate breathing via the opened trachea and ensure that the water injected near the larynx would drain via the nose and mouth and not be aspired into the lungs.
Experiments began once respiratory activity was stable for at least 10 min. Breathing frequency, heart rate and SpO 2 were first measured under resting conditions. The LCR was activated by injecting water near the larynx. Three injections (10 μl each) were made using a 10 μl Hamilton syringe, starting at the beginning of inspiration. A 5 min recovery period was allowed between injections. We defined the duration of each apnoea as the period of apnoeas/respiratory disruption from the beginning of the stimulus until the onset of at least five regular breaths. O 2 desaturation and bradycardias induced by laryngeal stimulation were defined as the minimum of values observed over the 5 min period that followed water application. The results were considered only when pups recovered prior to the next injection. Although 15% and 20% of pups died during the protocol, the mortality rate did not differ significantly between n-3 PUFA supplemented pups and controls.
Series III: Impact of n-3 PUFA supplementation on lung architecture
In a distinct series of experiments, the lung architecture was compared between control pups (five males and six females) and animals supplemented with n-3 PUFA (eight males and six females).
Dissection of the lung. Lungs were harvested in accordance with a standard protocol (Jochmans-Lemoine et al. 2015) . Briefly, pups were deeply anaesthetized by an I.P. injection (0.1 ml per 100 g of body mass) of ketamine (87.5 mg ml −1 ) and xylazine (12.5 mg ml −1 ). The animal was perfused was with ice-cold PBS (pH 7.2) through the left ventricle at a constant pressure of 24 cm H 2 O. A catheter was then fixed in the trachea and the lungs were inflated with 4% paraformaldehyde (PFA) for 30 min at a constant pressure of 24 cm H 2 O and then dissected. The total volume of the inflated lungs was measured by J Physiol 595.5 liquid displacement, the lungs were then kept in 4% PFA at room temperature for 24 h, the right and left lungs were separated and embedded in paraffin using the Tissue-Tek VIP (Miles Scientific, Newark, DE, USA) and stored.
Lung histology and morphology. Paraffin-embedded lungs were cut (5 μm) and then deparaffinized, coloured with Harris haematoxylin solution and mounted on glass slides. The images were captured using an optical microscope at a magnification of 100×. We randomly selected three non-overlapping images from each slide using three slides per animal. The mean linear intercept (L m ) was measured; from these values, we then calculated the relative alveolar surface area as S (m 2 cm -3 ) = 4 V/L m , where V is the volume of one image. The product of the relative alveolar surface area × lung volume provided an estimate of the total alveolar surface area (Jochmans-Lemoine et al. 2015) . As ANOVA revealed no sex differences, data from males and females were pooled.
Series IV: n-3 PUFA supplementation and brainstem microglia
In a distinct series of experiments, the number and morphology of microglia within the brainstem was compared between controls and n-3 PUFA supplemented pups using Iba-1 immunohistochemistry. Following deep anaesthesia with a solution of ketamine (80 mg kg −1 )/xylazine (10 mg kg −1 ), pups were transcardially perfused with saline (0.9% NaCl) followed by 4% PFA. Brains were harvested and post-fixed overnight in 4% PFA, and cryoprotected in 35% sucrose until they sank. Brains were frontally sectioned on a cryostat (20 μm). Slices were rinsed with Tris-buffered saline (TBS) and blocked for 2 h with 1% BSA + 0.02% Triton X-100; endogenous peroxidase activity was removed by incubation 30 min in 0.1% sodium borohydride in TBS. Slices were rinsed and incubated for 1 h at room temperature with antibody anti-Iba-1 (dilution 1:1000; Wako Chemicals, Tokyo, Japan) in 1% BSA + 0.02% 
(9) (14) (9) Triton X-100 in TBS and placed overnight at 4°C. Slices were rinsed and incubated with biotinylated anti-rabbit secondary antibody (dilution 1:200; Vector Laboratories, Inc., Burlingame, CA, USA) in TBS + 1% BSA + 0.02% Triton X-100, followed by 90 min in ABC complex (Vector Laboratories). A 5 min incubation with Fast DAB tablet (Sigma, St Louis, MO, USA) was performed. Slices were rinsed with TBS, dehydrated and mounted on glass slides. The cNTS was identified (bregma -14.30 mm) and a standardized shape of 22 μm 2 was placed over area of interest. The number of Iba-1 positive cells within that shape was counted on the right and left sides using Image J (NIH, Bethesda, MD, USA); only cells with soma completely within the pre-defined area were counted. Because ANOVA did not reveal any lateralization, counts from the right and left sides were averaged. For each animal, data were obtained from four sections and the values were averaged.
In mature animals, the morphological index is commonly used as an indicator of functional state of microglia; however, it can also reflect the degree of maturity of these cells (Kaur & Ling, 1991; Wu et al. 1994; Harry & Kraft, 2012) . The morphological index is calculated by dividing the soma's area by the area of the primary arborization; both were calculated with Image J. Microglia with an elevated morphological index have an amoeboid shape, which is associated with an immature (migrating) or challenged state. Conversely, cells with a low index are highly ramified; this morphology reflects a mature cell in a surveying state (Harry & Kraft, 2012) . Comparison of body weight (g) in pups (10-11 days old) that received n-3 PUFA supplementation (black bar) via maternal diet vs. pups raised by mothers receiving control diet (CTRL; white bar). Numbers in brackets indicate the number of pups. Note that data from male and females were pooled because there are no sex-specific differences for these variables. Data are expressed as the mean ± SEM. Post hoc pairwise comparisons were performed only when warranted by ANOVA. Significantly different from CTRL: * P ࣘ 0.05.
Statistical analysis
Data were analysed using Statview, version 5.0 (SAS Institute, Cary, NC, USA). ANOVA was used to assess the effects of treatment (control vs. n-3 PUFA supplementation) and sex (male vs. female); inspiratory gas (normoxia vs. hypoxia) was considered in the analysis of non-normalized variables. In Series I, the effects of treatment on the relationship between the change in T b°v s. body weight and apnoea index vs. O 2 chemosensitivity were investigated using ANCOVA. These results were confirmed by correlation analysis using Fisher's to z test to determine whether a correlation coefficient is statistically different from zero. In Series II, the effect of repeated stimulation (carry-over effect) was assessed statistically for each variable using ANOVA with a repeated measures design. Because durations of apnoea, O 2 desaturations and bradycardias were unaffected by repeated stimulation, the three values obtained were averaged for each animal.
When the results of the ANOVA revealed a significant effect of a factor (or factorial interaction), the analysis was followed by a post hoc Fisher's test. ANOVA results are mainly reported in graphic form; results from post hoc tests are indicated by symbols. All data are presented as the mean ± SEM. P < 0.05 was considered statistically significanct.
Results
Effectiveness and validation of maternal n-3 PUFA supplementation on rat pups
By comparison with the control diet, n-3 PUFA supplementation augmented the n-3 PUFA ratio by 9% in pup's red blood cells membranes and by 6.5% in the brainstem (Fig. 1A and B, respectively) . Within the brainstem, the relative DHA level was 2.7% higher in n-3 PUFA treated pups vs. controls (Fig. 1C) . Conversely, the treatment did not alter relative eicosapentaenoic acid (EPA) levels within the brainstem (Fig. 1D) ; the α-linolenic acid level was too low to be detectable by gas chromatography. On average, n-3 PUFA supplemented pups weighed 6.3% more than controls (Fig. 2) ; at this age (P10-11), sex-based differences in body weights were not significant.
Series I -Effects of n-3 PUFA supplementation on respiratory measurements in intact pups
Baseline respiratory data
Pups that received n-3 PUFA supplementation showed a decrease in (V E ) compared to controls; this effect was most noticeable in males (Table 2 ). This relative hypopnoea was the result of a lower V T ; f R did not differ significantly between groups. Measurements of indices J Physiol 595.5 of metabolic rate (T b andV O 2 ) revealed no significant effect of treatment on these variables. Calculation of the convective requirement ratio (V E /V O 2 ) showed a sex-specific hyperventilation that was significant in n-3 PUFA supplemented females. Overall, f R was higher in females than males. Despite suggestive trends, minute ventilation did not differ between sexes.
n-3 PUFA supplementation increases apnoea index in female pups
Analysis of the relative proportion of apnoeas (spontaneous vs. post-sigh) (Fig. 3A) showed that spontaneous apnoeas were generally more frequent in females than males (Fig. 3B) . n-3 PUFA supplementation did not influence the type of apnoeas but augmented the total number of events significantly (Fig. 3C) . Total apnoeic events is the sum of spontaneous and post-sigh apnoeas; both types were augmented by n-3 PUFA supplementation. n-3 PUFA supplementation augmented the frequency of apnoeas and this effect was more important in females in which the apnoea index was 42% greater than controls. Moreover, the apnoeas observed in n-3 PUFA supplemented pups were generally longer than controls. Although apnoeas were slightly longer in males, the overall influence of n-3 PUFA supplementation on apnoea duration was not sex-specific (Fig. 3D ).
n-3 PUFA supplementation delays the f R response to hypoxia in male pups
The f R increased rapidly at the onset of hypoxia (Fig. 4A  and B) . In controls, a peak response was observed within 2 min, whereas n-3 PUFA supplemented pups reached their plateau several min later. Overall, the tachypnoea observed in males was greater than females. Performing this analysis on absolute (non-normalized) results yielded similar effects. The intensity of the f R response that occurs at the onset of hypoxia reflects the sensitivity (gain) of peripheral chemoreceptors and the O 2 chemoreflex (Powell et al. 1998) . Here, the gain index was calculated by averaging the frequency response over the 3rd and 4th minutes of hypoxia. Calculation of this index showed a decreased responsiveness at the onset of hypoxia in n-3 PUFA supplemented pups (Fig. 4C) ; this effect was not sex-specific.
Effects of n-3 PUFA supplementation on the relationship between O 2 chemosensitivity and apnoeas O 2 chemoreflex gain is an important determinant of respiratory instability and apnoeas (Dempsey et al. 2010) . Regardless of treatment, there was no significant relationship between O 2 chemosensitivity and apnoea index in males (Fig. 5A ). However, there was a strong and inverse correlation between these variables in n-3 PUFA supplemented females. This relationship was not observed in controls (Fig. 5B ).
Sex-specific effects of n-3 PUFA supplementation on ventilatory and metabolic responses to hypoxia
TheV E response measured at the end of hypoxia was greater in n-3 PUFA supplemented pups than controls (treatment effect: P = 0.007) (Fig. 6) . In supplemented pups, V T depression was significantly less than controls (treatment effect: P = 0.004). Neither theV E and V T responses, nor the effects of n-3 PUFA treatment were influenced by sex. Although the f R response was lower in females than males (sex effect: P = 0.03), it was not influenced by diet (treatment effect: P = 0.78). TheV O 2 depression measured at the end of hypoxia was the lowest in n-3 PUFA supplemented females (treatment × sex: P = 0.02). Analysis of the convective requirement (V E /V O 2 ) at the end of hypoxia revealed no difference between groups (treatment effect: P = 0.99; data not shown). n-3 PUFA treatment attenuated the anapyrexic response to hypoxia (Fig. 7A) . Indeed, the T b°d ecrease in supplemented pups was, on average, 1°C less than controls. Figure 7B shows that, unlike controls, the importance of anapyrexia was independent of body weight in n-3 PUFA supplemented pups.
Series II -n-3 PUFA treatment decreases apnoea duration following laryngeal chemoreflex (LCR) stimulation
Prior to LCR stimulation, resting breathing frequency of anaesthetized pups was greater in n-3 PUFA supplemented pups than in controls (treatment effect: P = 0.05) and, overall, the frequency was higher in males than females (sex effect: P = 0.03) (Fig. 8) . Basal SpO 2 and heart rate were not influenced by n-3 PUFA supplementation or sex (Fig. 9) . Following LCR stimulation, the duration of the apnoeas measured in n-3 PUFA supplemented pups was 32% shorter than in controls (Fig. 9B) . However, n-3 PUFA supplementation had no effect on SpO 2 and bradycardias and heart rate ( Fig. 9C and D, respectively) .
Series III: n-3 PUFA treatment augments the relative alveolar surface area in rat pups
Morphometric analysis of the photomicrographs of lungs from control (Fig. 10A) and n-3 PUFA treated pups (Fig. 10B) showed that L m was lower in rats supplemented with n-3 PUFA compared with controls and this effect was reflected in the relative alveolar surface area between controls and supplemented animals ( Fig. 10C and D, respectively); this effect was not sex-specific. However, n-3 PUFA supplementation had no effect on lung volume (Fig. 10E) or the total alveolar surface area (data not shown).
Series IV: n-3 PUFA supplementation affects brainstem microglia density and morphology
Quantification of Iba-1 positive cells in the cNTS (Fig. 11A ) revealed that n-3 PUFA treatment reduced microglial density by 60% in this region (Fig. 11B-D) . n-3 PUFA supplementation augmented the morphological index and this effect was sex-specific because significant differences were only noted in males (Fig. 11D ).
Discussion
Respiratory disorders related to neurological immaturity are a major cause of hospitalization and morbidity in preterm infants, yet therapeutic interventions aiming to alleviate this condition remain limited. Based on evidence indicating that n-3 PUFA improves neurodevelopmental outcomes in this population (McNamara et al. 2015) , we hypothesized that providing n-3 PUFA supplementation to newborn via the maternal diet improves respiratory function in rat pups. At first, the increased frequency and duration of apnoeas observed in treated pups not only contradict our initial hypothesis, but also suggest that, at the studied dose, n-3 PUFA supplementation worsens respiratory control. However, the subsequent demonstration that n-3 PUFA supplementation improves physiological responses to respiratory challenges and augments relative alveolar surface area of the lungs brings us to re-evaluate this preliminary interpretation.
Critique of methods
The growth of n-3 PUFA-related research has been associated with a diversity of experimental approaches used to manipulate fatty acid levels in developing newborn (both humans and rodents). Consequently,
proper comparison of n-3 PUFA levels achieved in the present study with those reporting beneficial effects is difficult. However, the n-3 PUFA, DHA and EPA levels obtained in erythrocytes membrane compare favourably to studies of n-3 PUFA supplementation in humans (Hurtado et al. 2015) . Thus, final assessment of the potential therapeutic value of neonatal n-3 PUFA supplementation is based on physiological outcomes. The impact of apnoeic events on development and health is mainly determined by the intensity of concomitant O 2 desaturations and bradycardias (Southall et al. 1982; Poets, 2010) . Accordingly, we attempted to evaluate the physiological consequences of apnoeas with pulse oximetry; however, we were unable to consistently maintain a probe on 'resting' pups for a sufficiently long period without sedation or anaesthesia to obtain reliable O 2 saturation and/or heart rate data. This technical difficulty therefore prevents us from ruling out the possibility that the apnoeas observed in n-3 PUFA pups were associated with significant O 2 desaturations and bradycardias. We know, however, that exposing newborn to intermittent hypoxia for 10 consecutive days reduces the pups body weight by 13% (Rakusan et al. 2007) and augments the response of the carotid body to hypoxia ex vivo (Pawar et al. 2008) . Here, n-3 PUFA supplemented rats weighed 6% more than controls and measurements of the initial response to hypoxia provide no support for augmented O 2 chemosensitivity. Based on these data, the lack of significant differences in . Sex-specific effects of n-3 PUFA supplementation on minute ventilation, tidal volume, breathing frequency responses to hypoxia and O 2 consumption in pups (P10-11) All variables were measured during normoxia (baseline) and following 20 min of exposure to moderate hypoxia (12% CO 2 ). Histograms represent responses expressed as a percentage change from baseline and are compared between groups: pups that received n-3 PUFA supplementation (black bar) and controls (white bar). Data are expressed as the mean ± SEM. The ANOVA results reported are for the entire data set. The number of replicates in each group is reported in Table 2 . Post hoc pairwise comparisons were performed only when warranted by ANOVA. Significantly different from male CTRL group: * P ࣘ 0.05. Significantly different from female CTRL group: # P ࣘ 0.05. Significantly different from male n-3 PUFA: † P ࣘ 0.05. J Physiol 595.5 basal respiratory/metabolic parameters, and the physiological responses measured at 10 days of age, there is no evidence indicating that the increased occurrence of apnoeas resulting from n-3 PUFA supplementation had deleterious consequences on pups.
Origins of apnoeas in newborn pups
Respiratory instability and apnoeas observed in newborns (both rodents and infants) generally reflect the relative maturity of the respiratory network of the brainstem and the different types of apnoeas reveal the more specific mechanisms triggering them. Our initial quantification focused on spontaneous vs. post-sigh apnoeas because it was not possible to measure apnoeas resulting from collapse of the upper airways or LCR stimulation without more invasive methods. n-3 PUFA had no effect on the proportion of the two types of apnoeas that were observed but revealed a sexual dimorphism in the relative distribution of these events. This result further highlights sex-based differences in respiratory regulation and may be linked to the effects of n-3 PUFA supplementation on testosterone secretion (Phelan et al. 2011; Feng et al. 2015) .
The majority of apnoeas occurred spontaneously, thereby indicating a cessation of the central respiratory command owing to insufficient respiratory drive. Several factors can be evoked to explain the origins of these apnoeas, including changes in sleep/wake state and stimulation originating from central (CO 2 ) and peripheral chemoreceptors. Because the effects of n-3 PUFA on sleep architecture and CO 2 chemosensitivity were not measured, their potential roles remain unknown. Nevertheless, the lower tachypnoeic response measured at the onset of hypoxia in n-3 PUFA supplemented pups suggests that reduced peripheral O 2 chemosensitivity contributes to the increased propensity for spontaneous apnoeas in this group. However, correlation analyses show that this explanation is valid only in n-3 PUFA females in which the O 2 chemosensitivity index was inversely proportional to the apnoea index. This result contrasts with control females in which an opposite trend was observed. Although not statistically significant, this relationship suggests that, in this group, the hypocapnia resulting from the hypoxia-induced hyperpnoea is a factor. Conversely, the absence of any relationship between the apnoea index and O 2 chemosensitivity in males points to other (more complex) determinants of respiratory drive such as the interactions between various groups of chemoreceptors. As a whole, these observations indicate that the impact of n-3 PUFA on the mechanisms underlying spontaneous apnoeas is heterogeneous and is greatly influenced by sex.
By comparison, post-sigh apnoeas contributed less to the apnoea index but were nonetheless increased in n-3 PUFA pups. The augmented breaths (sighs) originate from the brainstem network generating respiratory rhythm Chapuis et al. 2014) ; they appear during fetal life and their frequency decrease progressively following birth (Thach & Taeusch, 1976; Chapuis et al. 2014) . The duration of the ensuing apnoea is determined by the core rhythmogenic network, the strong inspiratory inhibition from pulmonary stretch receptors and the changes in arterial blood gases resulting from the transient increase in gas exchange; each of those mechanisms may contribute to the augmentation of post-sigh apnoeas in n-3 supplemented pups. We know, however, that n-3 PUFA supplementation improves lung development by attenuating the impact of perinatal insults such as oxidation and inflammation (Ali et al. 2015) but, to the best of our knowledge, the effect of n-3 PUFA supplementation during normal development has not been addressed. The protocol used in the present study was sufficient to augment the relative surface area, thus indicating an improved structural lung development. Given the modest size of the increase observed and the fact that n-3 PUFA had no effect on lung volume, the functional impact may be limited at rest; however, improved gas exchange is plausible during an augmented breath and thus contribute to longer post-sigh apnoeas in treated pups.
The LCR is an ensemble of physiological responses that prevent aspiration of foreign substances into the lower airways and lungs (Thach, 2001) . In mature mammals, the presence of liquids near the larynx triggers coughing or swallowing. However, brainstem networks of preterm infants and young mammals are not sufficiently mature to co-ordinate breathing with other motor commands and, as a result, the presence of liquids on the laryngeal mucosa inhibits inspiration (Praud, 1999; Praud & Reix, 2005) . Although effective at protecting the airways, apnoeas resulting from LCR stimulation can be sufficiently long to be life threatening, especially in newborns, because the duration of LCR-induced apnoeas is inversely proportional to developmental stage (Thach, 2001) . Moreover, because sensory afferents from the laryngeal mucosa projecting to the cNTS are then relayed to brainstem parasympathetic neurons regulating heart rate, LCR stimulation also triggers profound bradycardias that can aggravate the impact of LCR-induced apnoeas in newborns. With that in mind, comparing the intensity of LCR-related cardio-respiratory responses between groups is an excellent opportunity to test our hypothesis further because these experiments are performed at the same time as controlling sleep-wake states and body temperature. Furthermore, baseline data showing that breathing frequency, SpO 2 and heart rate did not differ between groups suggest that respiratory drive was similar prior to LCR activation. Although the shorter apnoeas observed in n-3 PUFA supplemented pups are consistent with a more mature respiratory control network, the lack of effect on O 2 desaturations and bradycardias suggests that n-3 PUFA does not affect the cardiovascular system.
n-3 PUFA supplementation leads to a more sustained hypoxic ventilatory response
Newborns generally conform to reduced O 2 availability by lowering metabolic demand and, as they develop, mammals progressively aim to maintain O 2 levels constant by augmenting O 2 uptake (Mortola, 2001) . The dynamics of the HVR reflect these ontogenic changes in strategy such that, in newborns, the brisk tachypnoea at the onset of hypoxia is followed by ventilatory depression to reach levels near or even below the baseline level because metabolic depression is an important part of the response. By contrast, more mature mammals can sustain a significant hyperventilation throughout the hypoxic event and show a more modest reduction in metabolic demand (Bissonnette, 2000) . Peripheral chemoreceptor development is highly plastic and, given the numerous structural and functional effects of n-3 PUFA on the CNS, several hypotheses can be evoked to explain the delayed frequency response observed at the onset of hypoxia in supplemented pups. For example, increases in pro-inflammatory cytokines following neonatal lipopolysaccharide treatment also reduce O 2 sensitivity (Master et al. 2016) . Based on the anti-inflammatory properties of n-3 PUFA treatment and the lung architecture reported in supplemented pups, an increase in inflammatory cytokines is probably not J Physiol 595.5 a cause of the reduced O 2 sensing. Because experimental manipulations of dietary n-3 PUFA can alter monoamines in the brain (Chalon, 2006; Vancassel et al. 2008) , similar changes within the carotid bodies may alter development of O 2 sensing. The attenuation of HVR was transient such that, at the end of hypoxia, the response measured in n-3 PUFA supplemented pups was greater than controls. Because this was achieved by minimizing V T depression, this difference suggests that neural inspiratory drive and/or muscle performance were improved by n-3 PUFA. Furthermore, theV O 2 and anapyrexic responses indicate that, overall, hypometabolism is a less important strategy for facing hypoxia in supplemented rats. In these pups, the anapyrexic response was less than controls and independent of body weight, thereby indicating that n-3 PUFA reduced heat loss by improving autonomic regulation and/or benefited from a better insulation (increased body fat). This effect of n-3 PUFA is an important observation considering that neonatal hypothermia has been associated with higher mortality and morbidity rates in premature babies (Lyu et al. 2015) . Given their close inter-relationship, the sex-based differences in the importance of n-3 PUFA effects onV O 2 and T b°r esponses are difficult to reconcile. However, analysis of co-variance indicates that the slightly lower body weight of females is a factor, suggesting that the linear correction applied to this variable may not be . n-3 PUFA supplementation decreases apnoeas duration and has no effect on heart rate in anaesthetized pups during laryngeal chemoreflex (LCR) stimulation A, original recordings illustrating minute ventilation (red traces) and LCR stimulation in pups that received n-3 PUFA supplementation and controls (CTRL). B, mean of apnoeas duration elicited by LCR. C, mean of minimum saturation observed after LCR. D, mean of minimum heart rate observed after LCR. Histograms represent responses observed in pups that received n-3 PUFA supplementation (black bar) and CTRL (white bar). Males and females were analysed together because there were no sex-specific differences for these variables. Data are expressed as the mean ± SEM. Post hoc pairwise comparisons were performed only when warranted by ANOVA. Significantly different from CTRL: * P ࣘ 0.05.
adequate. Although allometric corrections do exist for adults (Mortola et al. 1994) , their validity has not been evaluated in pups.
n-3 PUFA supplementation decreases microglia density and alters cell morphology in cNTS During fetal life, microglia migrate from the yolk sac into the CNS via the circulation (Perry & Gordon, 1991; Wu et al. 1992 Wu et al. , 1994 Ginhoux et al. 2010) . Within the hippocampus of mice, the microglia density increases progressively following birth and reaches a plateau near postnatal day 15 (Paolicelli et al. 2011) . Microglial morphology undergoes substantial changes during this process. In newborns, precursor cells are characterized by a round cell body (amoeboid shape) with no identifiable processes (Harry & Kraft, 2012) and, by postnatal day 14, rat microglia begin to show clear evidence of adult-like ramification (Orlowski et al. 2003) . The reduced microglia density observed in n-3 PUFA supplemented pups indicates that this treatment delayed microglial colonization within the cNTS. This observation is consistent with the recent demonstration that n-3 PUFA treatment improves blood-brain barrier integrity in newborn (Zhang et al. 2016) . E, lung volume (ml g -1 ). Because there was no sex-specific effect, data from male and female pups were pooled; numbers in brackets indicate the number of replicates in each group. Significantly different from CTRL: * P ࣘ 0.05.
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play an important role in sexual differentiation of the brain and are highly responsive to testosterone (Lenz et al. 2013 ) and the sex-based difference in morphology is consistent with this property, further suggesting that the n-3 PUFA protocol influenced sex hormone secretion in pups. However, based on the reduced microglia density and generally immature phenotype following n-3 PUFA treatment, the contribution of these cells to the establishment of synaptic circuits via phagocytosis of excessive synapses during early life is probably reduced. This, in turn, may explain why n-3 PUFA supplemented pups are more responsive to respiratory stimuli. However, as a result of the importance of microglial function in brain development, this observation raises questions regarding the long-term consequences of this treatment.
Clinical relevance, perspectives, and conclusions
In preterm infants, respiratory disorders related to immaturity of the brainstem control network are a major concern for clinicians both in the short and long term (Abu-Shaweesh & Martin, 2008) . Based on the results reported in the present study, further consideration should be given to n-3 PUFA supplementation as an alternative treatment of respiratory disturbances associated with prematurity because several desirable respiratory traits were observed in pups following treatment. The improved ability to sustain a more robust hyperventilation combined with an augmented relative lung surface area will probably ameliorate gas exchange during hypoxia. The shorter apnoeas following LCR stimulation are of interest because n-3 PUFA treatment may reduce the likelihood of related complications such as apparent life threatening event or sudden infant death syndrome. Finally, given that poor thermoregulation is a predictor of negative outcome in preterm infants (Lyu et al. 2015) , the improved thermoregulation following n-3 PUFA treatment is clinically relevant. Despite multiple approaches used to evaluate how n-3 PUFA supplementation affects the respiratory system, several questions remain unaddressed but point to very promising research avenues. Moreover, given the growing interest for sex-based differences in health and disease, a more detailed neuroendocrine assessment would be very informative.
